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ABSTRACT   
A novel range-resolved interferometric signal processing technique that uses sinusoidal optical frequency modulation is 
applied to multi-surface vibrometry, demonstrating simultaneous optical measurements of vibrations on two surfaces 
using a single, collimated laser beam, with a minimum permissible distance of 3.5 cm between surfaces. The current 
system, using a cost-effective laser diode and a fibre-coupled, downlead insensitive setup, allows an interferometric 
fringe rate of up to 180 kHz  to be resolved with typical displacement noise levels of 8 pm Hz-0.5. In this paper, the 
system is applied to vibrometry measurements of a table-top cryostat, with concurrent measurements of the optical 
widow and the sample holder inside. This allows the separation of common-mode vibrations of the whole cryostat from 
differential vibrations between the window and the sample holder. 
Keywords: Interferometry, Vibrometry, Displacement Sensing, Range-Resolved Interferometric Signal Processing,  
LDV, Multi-Surface Vibrometry, Cryogenics, Low temperature 
 
1. INTRODUCTION  
Interferometric signal processing techniques based on optical frequency modulation use the resulting phase modulation 
waveform within an interferometer with non-zero optical path difference (OPD) as a carrier in order to extract 
interferometric phase information. Range-resolved interferometric signal processing based on optical frequency 
modulation uses the proportionality of the induced phase modulation amplitude to the OPD to additionally demodulate 
and separate multiple return signals based on their range. In general, the use of optical frequency modulation enables 
self-referencing interferometric techniques, which offer simple, passive sensor configurations as well as high inherent 
stability and downlead insensitivity. These have applications in interferometric fibre sensing as well as in displacement 
sensing or vibrometry. Previous signal processing techniques based on optical frequency modulation include the well-
known pseudoheterodyne technique1,2, using linear or sawtooth optical frequency modulation, which has also been 
employed for range-resolved multiplexing of interferometric fibre-coupled displacement sensors2. Sinusoidal optical 
frequency modulation schemes3-6, where the modulation waveform contains only one frequency component and which 
are thus easier to implement than linear techniques have also been applied to interferometric fibre sensing3-5, and to 
vibrometry in a self-referencing setup on a single surface6. Among the sinusoidal techniques, the phase-generated carrier 
method3 is used widely, but is not range-resolved and cannot multiplex interferometers using a single source and photo 
detector. Employing sinusoidal frequency modulation in conjunction with rectangular gating4,5, however, allows 
interferometric sensors to be multiplexed based on their range5. In general, prior linear and sinusoidal range-resolved 
interferometric techniques2,5 required integer ratios between the OPDs of constituent interferometers to be maintained for 
proper operation. This makes the setup inflexible as well as leaving measurements susceptible to crosstalk from parasitic 
or unintended signal sources that do not adhere to the integer OPD ratio requirement. In contrast, a recently developed 
sinusoidal technique7, using a smooth window function instead of rectangular gating, permits continuously variable OPD 
placement of the signal sources, with no apparent penalty in linear operation or crosstalk as long as a minimum OPD 
separation between the constituent interferometers is observed, greatly increasing the practicality of the approach. 
In this work, this novel range-resolved signal processing approach7 is applied to multi-surface vibrometry, where a single 
laser beam is used to achieve simultaneous and independent interferometric measurements of the vibration of two 
surfaces. In general, in multi-surface vibrometry, the flexibility of the continuously variable OPD placement that the 
Optical Measurement Systems for Industrial Inspection IX, edited by Peter Lehmann,
Wolfgang Osten, Armando Albertazzi G. Jr., Proc. of SPIE Vol. 9525, 952520
© 2015 SPIE · CCC code: 0277-786X/15/$18 · doi: 10.1117/12.2183281
Proc. of SPIE Vol. 9525  952520-1
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/03/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
Si
gn
al
 [
a.
u.
]
o
F
r
e
q
.
 
[a
.u
.]
A
0.25
Of
0.75
I
\
I
Si
gn
al
 [d
B]
Si
gn
al
 [d
B]
I
I
I
I
I
I
I
I
o
TT
0)
20 -
40 1 /1
60
80
0 50
Freque:
-F
ioo
ncy [ f.]
-FtU
150
 
technique off
test. While m
presented her
for an extern
applied to th
produced by 
the first signa
the sample ho
cryostat in or
holder throug
movements o
between com
sample holde
identification
single, collim
common-mod
The novel sig
of modulation
frequency ଴݂
waveform of 
several const
photo detecto
in phase mod
integer multip
a smooth win
containing tw
modulation w
⊓ ሺݐሻ that wa
Figure. 1 
(a) results
interferom
ܣଶ ൌ 97	r
used in pr
⊓ ሺݐሻ, hig
The effect of
spectrum of ܷ
contrast, the 
ers is of parti
ulti-surface v
e allows for 
al modulator
e measureme
Oxford Instru
l is provided
lder inside th
der to cool t
h its direct lin
f the OVC a
mon-mode vi
r inside wa
 of the origin
ated beam, p
e and differe
nal processin
 frequency ݂
. For an inter
phase modula
ituent interfer
r signal ܷሺݐሻ 
ulation amplit
les of each o
dow function
o individual 
aveform, is u
s used there i
Illustration of t
 in characteris
eters, shown i
ad, along with
ior art5. (c) an
hlighting the ef
 the multipli
ሺݐሻ on its ow
Fourier spectr
cular importa
ibrometry ha
a much simpl
. In the speci
nt of the vib
ments plc, bo
 by the windo
e chamber, w
he sample. T
k with the co
nd of the sam
brations of th
s of particul
 of the vibrat
ermitting the
ntial vibration
g approach7 e
୫. As illustra
ferometer wi
tion amplitud
ometers the c
in Fig. 1(b). H
udes of ܣଵ ൌ
ther. The key
 to the photo 
Gaussian win
sed. Additio
s also shown i
he general prin
tic interferome
n (b) for inter
 the smooth wi
d (d) compare
fect of ܹሺݐሻ in
cation of  W
n can be seen
um of the wi
nce because t
s also recent
er and cost-e
fic applicatio
ration charac
th during the
w of the oute
here the samp
he coldhead 
ldhead. This 
ple holder r
e whole cryo
ar interest a
ions. The pre
 simultaneous
s of the surfa
2. SIGN
mployed in t
ted in Fig. 1(a
th non-zero 
e ܣ, produci
haracteristic 
ere, ܷሺݐሻ is 
53	rad and ܣ
 step in the no
detector signa
dows that are
nally, for com
n Fig. 1(b). 
ciples of the si
tric signals in
ferometers with
ndow function
 the Fourier sp
 separating sig
ሺݐሻ becomes
 in Fig. 1(c) 
ndowed phot
here is norma
ly been perfo
ffective setup
n presented i
teristics of a 
 developmen
r vacuum cha
le holder is d
introduces vib
application th
elative to the
stat and diffe
nd great ben
sented schem
 capture of b
ces.  
AL PROC
his work uses
), this wavef
OPD this res
ng a characte
interferometri
calculated for
ଶ ൌ 97	rad, 
vel signal pr
l, ܷሺݐሻ. In th
 centred on th
parison with
gnal processin
 the photo det
 OPD’s result
 ܹሺݐሻ used  th
ectrum of ܷሺݐ
nals into distin
 obvious whe
to be mostly 
o detector sig
lly no contro
rmed using o
 using only a
n this paper,
commercial 
t phases and 
mber (OVC)
irectly conne
rations into 
erefore requi
 optical table
rential vibrat
efit during 
e allows these
oth signals a
ESSING 
 a sinusoidal 
orm has a am
ults in a corr
ristic interfero
c signals are 
 two constitu
which in this 
ocessing appr
is work, a win
e two points 
 prior work5,
g approach. A 
ector signal, ܷ
ing in phase m
is approach and
ሻ without (c) a
ct frequency ba
n comparing
flat, with all B
nal ܹሺݐሻܷሺݐ
l over the geo
ptical freque
 laser diode s
 the multi-su
table-top cryo
for final prod
, while the se
cted to the pi
the cryostat, 
res the indepe
. Furthermore
ions between
the developm
 measuremen
nd allowing n
optical frequ
plitude ∆݂ an
esponding si
metric signal
superimposed
ent interferom
example were
oach7 is the m
dow function
of inflection 
 the rectangu
sinusoidal opti
ሺݐሻ, that are s
odulation amp
 the rectangula
nd with (d) th
nds. 
 Figs. 1(c) a
essel frequen
ሻ shows a cle
metry of the 
ncy combs8, 
ource with n
rface vibrome
stat system9 
uct character
cond signal i
ston-driven co
in particular 
ndent measur
, the ability 
 the OVC wi
ent phases, 
ts to be perfo
umerical ext
ency modulat
d is centred a
nusoidal phas
 on the photo
, as visible in
eters with OP
 explicitly ch
ultiplicative 
 ܹሺݐሻ, plotte
of the sinusoi
lar window/g
cal frequency m
uperimposed f
litudes ܣଵ ൌ 5
r window func
e application o
nd 1(d). Her
cy compone
arly visible s
objects under
the technique
o requiremen
try system is
(OptistatDry
ization. Here
s reflected of
ldhead of the
to the sample
ements of the
to distinguish
ndow and the
allowing the
rmed using a
raction of the
ion waveform
round optica
e modulation
 detector. For
 the example
Ds that resul
osen to not be
application o
d in Fig. 1(b)
dal frequency
ating function
odulation 
or several 
3	rad and 
tion ⊓ ሺݐሻ 
f ܹሺݐሻ or 
e, the Fourier
nts present. In
eparation into
 
 
t 
 
) 
, 
f 
 
 
 
 
 
 
 
 
 
l 
 
 
 
t 
 
f 
, 
 
 
 
 
 
Proc. of SPIE Vol. 9525  952520-2
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/03/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
er
le
A
Circ
--
P
De
Arbitary LI
of Optical
:ulator
hoto
tector
Fib
as
ength p
Fibre G
Ire Tip Reflec
Interferomet
Reference
'ackaged
ollimator
tion
:ric Sem
_
ireflective R
Vindow !
 
two distinct 
modulation a
97 ୫݂. Fig. 1(
to ܷሺݐሻ in the
frequency ban
in stark contr
can be seen t
lead to the d
results from 
complex inte
using digital 
influence of n
single freque
technique tha
can be made 
laser intensity
Fig. 2 shows
using regular
laser injection
diode used (E
driver) is ver
programmabl
setup, the int
referencing c
consisting of 
Figure 2. 
by a singl
reflected f
provided b
A picture of t
illustrating a 
close to the 
through the b
OVC, while 
were obtained
obtained from
configuration
higher angula
other and the
surfaces. In g
peak regions
mplitude ܣଵ, 
d) highlights 
 time domain
ds without in
ast to the rect
o show stron
iscussed restr
the use of a 
rferometric si
signal process
on-idealities 
ncy carrier. T
t is highly lin
tolerant to n
 modulation 
 the optical s
 single-mode 
 current. In t
blana Photon
y cost-effecti
e gate array 
erferometric 
onfiguration 
only a regular
General setup f
e-mode optical
rom the semire
y the fibre tip,
he cryostat is
measurement
surface of the
ottom windo
the second m
 using reflect
 the unpol
, return signa
r sensitivity t
 optical axis 
eneral, howe
. Here, the 
while the inte
the key princi
 results in th
troducing sid
angular windo
g sidelobes a
iction to inte
time-variant 
gnal at a give
ing. In contra
arising from t
ogether, both
ear and flexi
on-idealities r
and non-linea
etup, consisti
optical fibre, 
his setup, a c
ics EP1550-N
ve and all m
(FPGA)-base
reference is t
with complet
 connectorise
or multi-surfac
 fibre lead that 
flective windo
 reaches the ph
 shown in Fig
 in the X-dire
 optical tabl
w of the cryo
easurement s
ive tape on th
ished copper
l powers are 
han a focused
needs to be a
ver, the optic
peak around 
rferometer w
ple of the tech
e separation o
elobe energy
w function ⊓
nd where the 
ger OPDs, w
complex dem
n OPD of th
st to the use o
he approxima
 of these me
ble, permittin
esulting from
rities in frequ
3.
ng of a laser 
where optical
ollimated bea
LW-B; cent
odulation an
d processing
aken from th
e down-lead 
d and packag
e vibrometry. S
can be of arbitr
w and the final
oto detector an
. 3(a), while 
ction. For the
e and a 45°
stat. In all m
urface is the 
e sample hold
 surface of 
lower than fo
 beam. There
ligned using 
al configurati
53 ୫݂ is fou
ith phase mod
nique, where
f the signal c
, which could
(t) that was u
avoidance of
hich is absen
odulation ca
e constituent 
f a fixed freq
tion of a sect
asures result 
g continuous
 the use of l
ency modulat
EXPERIME
diode, fibre-o
 frequency m
m allows the
re wavelengt
d demodulati
(Altera Cyclo
e fibre tip Fr
insensitivity. 
ed fibre optic
inusoidally fre
ary length to a 
 reflective surfa
d the resulting 
a typical phy
 measuremen
prism was in
easurements
sample holde
er, but succe
the sample 
r a focused c
fore all meas
a kinematic m
on is of no re
nd to corres
ulation ampl
 the multiplic
omponents of
 cause crosst
sed in prior w
 crosstalk fro
t from this n
rrier7, which
interferomete
uency carrier
ion of the sinu
in a range-re
ly variable OP
aser injection
ion7. 
NT 
ptic circulato
odulation is a
 reception of
h: 1551nm, li
on is carried 
ne IV) at a 
esnel reflectio
This also all
 collimator. 
quency modula
packaged colli
ce. This light, 
interferometric
sical measure
t in the Z-dire
serted under 
, the first me
r inside the c
ssful measure
holder. In g
onfiguration. 
urement surfa
ount to achie
levance to th
pond to the 
itude ܣଶ corr
ative applicat
 constituent i
alk and non-l
ork5, where t
m side lobe c
ovel approac
 approximate
r and which 
, reported in p
soidal phase
solved interfe
D placemen
 current mod
r and photo 
chieved by si
 signals from 
ne width: 1M
out synchron
digital sample
n, providing 
ows a very c
ted light from 
mator, which th
along with the 
 signals are dem
ment arrange
ction, the kin
the cryostat t
asurement su
ryostat. The 
ments on oth
eneral, in a
Also, a collim
ces in a setup
ve perpendic
e signal proce
interferomete
esponds to th
ion of the win
nterferometer
inear demodu
he correspon
omponents h
h. A further 
ly resembles
can be imple
rior work5, th
 modulation w
rometric sign
ts, and which
ulation, such
detector that 
nusoidal mod
several surfa
Hz using Pr
ously using 
 rate of 150 
an extremely
ompact meas
 
a laser diode is
en collects ligh
interferometric
odulated by th
ment is show
ematic moun
o direct the 
rface is the w
measurement
er occasions h
 collimated 
ated beam w
 need to be p
ularity to the
ssing, as long
r with phase
e peak around
dow function
s into distinc
lation. This is
ding spectrum
ad previously
improvemen
 the expected
mented easily
is reduces the
aveform by a
al processing
, furthermore
 as associated
are connected
ulation of the
ces. The laser
ofile LDC200
low-cost field
MHz. In this
 simple, self
urement head
 guided 
t 
 reference 
e FPGA.  
n in Fig. 3(b)
t was lowered
light upwards
indow of the
s shown later
ave also been
measuremen
ill result in a
arallel to each
 measuremen
 as sufficien
 
 
 
t 
 
 
 
t 
 
 
 
 
 
, 
 
 
 
 
 
 
 
-
 
, 
 
 
 
 
 
t 
 
 
t 
t 
Proc. of SPIE Vol. 9525  952520-3
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/03/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
L(a) - Ph
- Wi
Loto Detector
indow Functii
1 1.5
Time [µs]
Signal (Left)
on (Right)
2
o
W
in
do
w 
[U
ni
tl
es
s]
A
m
n
li
in
fl
n 
ln
 n
 1
100000 F(
d
' 50000
b)
c)V
Sample
Holder
. .
-1-1-L
o u
Ange [cm]
5 2C
1500
1000
d 500
0
z
-500
- 1000
-1500
o
 
return power
offering high
Figure 3. 
measurem
light leav
inside the
A typical pho
such as inten
After demodu
the range dep
4(b). Here, th
Figure 4. 
window fu
carrier7 as
In the curren
interferometr
low-pass filte
 is received. 
er angular tole
A picture of 
ent arrangeme
ing the single-
 cryostat, with p
to detector s
sity modulati
lation with th
endence of t
e two peaks th
(a) shows a cap
nction on the 
 a function of r
t implement
ic fringe rate 
ring in the 
For possible 
rances and p
the whole cryo
nt in the X-dire
mode fibre lea
erpendicular a
ignal resultin
on, is plotted 
e time-varian
he return sign
at originate f
tured photo de
secondary y-ax
ange, with the 
ation, the sin
of 180 kHz, 
FPGA. This 
future applic
roviding stron
stat is shown 
ction, where th
d and package
lignment to the
g from this ar
in Fig. 4(a) a
t carrier and 
als can be ca
rom the OVC
tector signal ov
is. (b) plots the
peaks labelled
usoidal mod
which is sligh
corresponds 
ations in vibr
ger returned 
in (a), while 
e cryostat was
d collimator is
 measurement 
rangement, w
long with the
the performan
lculated, wit
 and the samp
er one modulat
 return signals 
according to th
ulation frequ
tly lower tha
to a maximu
ometry of a 
signals, could
(b) shows an 
 set to differen
 directed to th
surfaces achiev
hich also dis
 appropriatel
ce of procedu
h the corresp
le holder can
ion period alon
after demodula
e originating si
ency is ୫݂ 	
n the theoret
m resolvable
single surfac
 be used. 
annotated pictu
t working heig
e OCV window
ed using the ki
plays some o
y delayed win
res to correct
onding range 
 be identified
g with the app
tion with the de
gnal source.  
ൌ 	391	kHz, 
ical value of 
 velocity of 
e, a focused 
re of a typica
hts in (a) and 
 and the sam
nematic mount
f the undesir
dow function
 modulation n
dependence 
 clearly. 
ropriately shift
scribed time-v
allowing an 
0.5 ୫݂ due to 
0.14	msିଵ. T
configuration
l physical 
(b). In (b), 
ple holder 
.  
ed influences
 that is used
on-idealities
shown in Fig
ed 
ariant 
unambiguous
the necessary
his could be
, 
 
, 
. 
7 
. 
 
 
 
 
Proc. of SPIE Vol. 9525  952520-4
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/03/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
D
isp
la
ce
m
en
t [
pm
]
I
I
D
N
I-
-,
h-
N
D
O
O
O
O
O
57
1.
 [
-
-
-
D
isp
la
ce
m
en
t [
µm
]
I
I
tv
-
-
,
I-
-,
n
0
0
0
o
c
'C Y
nple Holder Y
Livomik
- lliffaranrP Y
21
2 2.5
fsl
0.5
0
-0.5
1
3 0 0.5
- ovc
- Samp
.9 2
1 1.5
Time [s]
lifferenre 7
2 2.5 3
-1-,-I-,-
ovc X
Sample Holdes
- lliffarenr,
2 2,
.5 2 2.5
ie [s]
(e)
(
í 30 0.:
nL
 
 
improved thro
the implemen
between sign
also approxim
the thickness
sources. Ther
as the OVC s
Using the des
heights and o
K and at a 
sequentially f
conditions, su
signatures an
Figure 5. 
upper pan
show the 
section of
For final prod
in Fig. 5, resu
1.0	μm, 8.4	μ
10	μm for th
vibrations and
due to the m
mode vibratio
ugh the use o
tation, the FW
al sources wh
ately 3.5 cm
 of the wind
efore the pha
ignal, which d
cribed multi-
perating temp
working heig
or each direc
ch as differ
d amplitudes. 
Plot of typical
els (a), (c) and
respective num
 the differentia
uct character
lts in values 
m] for the [X
e OptistatDr
 their quantif
ovement of th
ns, for insta
f a higher mo
HM width o
ere no crosst
, which is a p
ow of the O
sor sum of th
oes not pose 
surface vibro
eratures of th
ht of the op
tion, are thou
ent cryostat t
 
 vibration sign
 (e) directly p
erically comp
l vibration sign
ization of the
of [6.5	μm, 1
,Y,Z] vibrati
y9. However
ication was v
e coldhead p
nce at ≈ 6	H
dulation freq
f the peaks in
alk will be pr
roperty of the
VC is much 
e Fresnel refl
any problems
4. RESUL
metry system
e cryostat. F
tical window
ght to be rep
emperatures 
atures recorded
lot the measur
uted difference
al is drawn, wh
 cryostat, the 
.3	μm, 4.1	μm
ons of the sam
, during the 
ery important
iston. Howev
z for the X-d
uency ୫݂ in f
 Fig. 4(b) is 
esent, as wel
 peak frequen
smaller than 
ections of bo
 as long as th
TS AND DI
, a large body
ig. 5 shows s
s of 172 m
resentative o
and working
 over three se
ed signals for 
 signal. In eac
ere the y-axis s
RMS values 
] for the [X,Y
ple holder. T
product deve
. In all cases 
er, the OVC
irection as v
uture implem
3.5 cm. There
l as the initia
cy excursion
the minimum
th window su
e window thic
SCUSSION
 of data has b
ome measurem
m. These m
f the system
 heights, resu
conds for the t
each direction,
h of the lower
cale in the inse
are computed
,Z] vibration
hese values a
lopment pha
plotted in Fig
 and the sam
isible in Fig.
entations. Wi
fore, the min
l stand-off dis
∆݂ achievabl
 resolvable 
rfaces is effe
kness remain
 
een collected
ents at a cry
easurements, 
, although ch
lt in somew
hree measurem
 while the low
 panels, an ins
t is also increa
, which, for t
s of the OVC
re within the
ses, the diag
. 5, there is a 
ple holder sh
 5(a), that ar
th the current 
imally permis
tance from th
e by the laser
spatial separa
ctively measu
s constant.  
 for different
ostat tempera
which were 
anges in the 
hat different 
ent directions
er panels (b), 
et that plots a
sed going from
he measurem
, and in valu
 RMS specifi
nosis of the 
dominant vib
ow considera
e completely 
parameters o
sible distance
e fibre-tip, is
. In this work
tion between
red and taken
 working 
ture of 4 
recorded 
operating 
vibration 
. Here, the 
(d) and (f)  
n enlarged 
 (b) to (f). 
ents presented
es of [5.8	μm
cation limit o
origin of the
ration at 1 Hz
ble common
absent in the
f 
 
 
, 
 
 
 
, 
f 
 
 
-
 
Proc. of SPIE Vol. 9525  952520-5
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/03/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
 corresponding differential signal in Fig. 5(b). In contrast, the differential signal between the OVC and the sample holder 
in the X-direction shows a vibration at ≈ 95	Hz, which is visible in the inset in Fig. 5(b), and that can thus be attributed 
to a mechanical resonance of the sample holder structure itself. The most striking result presented here is the differential 
signal in Fig. 5(f), which shows that in the Z-direction, even in the presence of the 1 Hz coldhead piston movement, there 
is a complete absence of any high-frequency differential vibration signals or mechanical resonances of the sample 
holder. Furthermore, this measurement also demonstrates the complete suppression of common-mode vibrations that are 
clearly present in Fig. 5(e), but are absent in Fig. 5(f), highlighting the very high measurement quality that can be 
obtained with the presented multi-surface vibrometry approach. 
Noise levels were determined from the differential signal in the Z-direction, recorded when the cryostat cooling 
system was switched off. As can also be seen in Fig. 5(f), this signal can be expected to be mostly free from 
environmental noise sources, because these are assumed common to both signal sources and no mechanical resonance 
appear to exist in the Z-direction. The resulting instantaneous noise standard deviation for the differential signal in Z-
direction is 3.4 nm, corresponding to a typical displacement noise level of  ≈ 8	pm	Hzି଴.ହ. From further measurements it 
is known that the noise shows a clear range dependency, which indicates that the noise behaviour is dominated by laser 
phase noise, as would be expected for DFB-type lasers that generally show strong phase noise10. Regular commercial 
vibrometers use low-noise Helium-Neon lasers and can be operated in an OPD-balanced setup. Noise levels in 
commercial vibrometers11 of 0.05	pm	Hzି଴.ହ can thus be achieved, which is considerably lower than the proposed 
system. However, we believe that there are many applications where the measured displacement noise is not the limiting 
factor. Instead, the possibility of suppressing environmental noise sources by local referencing of the measurement can 
be a much more important practical advantage. The ability of this approach to perform common-mode vibration 
suppression was clearly demonstrated by the example measurements in this paper, where common-mode movements of 
the cryostat are suppressed to a high degree in the differential signal, as evident in Figs. 5(b), 5(d) and 5(f). Furthermore, 
the technique allows the suppression of spurious reflections based on their range and also permits the verification of the 
range of the return signals, which can be useful in practical operation in order to exclude reflections from surfaces that 
are not of interest. Also, there is no reason why the approach could not be extended to more than two measurement 
surfaces if required. In general, the low-cost implementation and the simplicity of the fibre-coupled setup  means that the 
system could have applications for permanently installed displacement or vibration sensors, even if only a single surface 
is evaluated. 
5. CONCLUSION 
A novel range-resolved interferometric signal processing technique has been applied to multi-surface vibrometry. Using 
a very simple fibre-coupled optical setup with complete downlead insensitivity and with component costs totalling less 
than £3k, simultaneous measurements of the vacuum window and the sample holder inside a table-top cryostat have been 
obtained, with the ability to separate signals down to a minimum distance of 3.5 cm. Vibration measurements with  
typical displacement noise levels of 8 pm Hz-0.5 have been demonstrated and the results highlight the ability of the 
technique to separate common-mode vibrations of the whole cryostat from differential vibrations between the sample 
holder and the window. Future applications are envisaged in areas where the cost-effectiveness and robustness of the 
setup would allow permanently installed vibration or displacement sensors to be used or where the ability for local 
referencing of the desired signals using a window close to the target would allow the suppression of environmental noise. 
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